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1. INTRODUCTION

During the design phase of any new gun system, it is important to evaluate the influence of various
possible components and geometric configurations. In certain scer -ios, simulation of the interior ballistic
cycle will predict the growth of pressure wave~ to amplitudes wi.ich would threaten the integrity of the
system. It is imperative to ensure the accuracy of these model predictions. Current interior ballistic
simulations with Goi. .’s XNOVAKTC code (Gough 1990) (hereafter called "XKTC") can, for example,
predict propellant bed compression events where the value of the axial component of mixture stress
exceeds 100 MPa. At the present time, there are no experimental data on mechanical behavior of a
compacted bed of gun propellant grains at these stress levels, and hence no way to validate the model
predictions. However, these data should eventually be available from a current Navy program (NSWC/

White Oak Labs) which involves compression of full scale (127mm diameter) granular propellant beds.

The present study is an effort to upgrade the description of mechanical properties assigned to the
compacted propellant bed in the interior ballistic simulation. This report will attempt a brief review of
the formulation currently used in the XKTC code (Gough 1990) and then discuss some alternative
formulations which might be used to represent experimental data. Although an incompressible solid phase
is a basic assumption in the XKTC code, the discussion here will address the implications of solid

propellant compressibility on the predicted values of wave propagation speed in a compacted aggregate.

A number of experimental studies (Nicolaides, Wiegand, and Pinto 1980; Lieb and Rocchio 1982; Lieb
1989; Gazonas, Juhasz, and Ford 1991; Gazonas 1991; Lieb and Leadore 1991 & 1992) have produced
valuable information conceming the mechanical properties of a single propellant grain. However,
compression of an aggregate of propellant grains involves complex interactions at grain boundaries leading
to sliding, deformation, and possible fracture (depending upon the type of material in question). Because
of these interactions, it is not clear how the mechanical properties of a single grain can be used directly
to construct the response of the compacted granular aggregate. The latter is required in interior ballistic
models which employ an averaging technique to generate an elemental volume containing a binary mixture
(i.e., that portion of the volume not occupied by the solid is assumed to be gas). An important
consequence of this simplification is the necessity for a phenomenological sub-model to link porosity of
the aggregate to its stress state. Clearly, the value of certain parameters used in the description of this
stress state must be determined by matching the response of the sub-model to data from rheological

experiments on compacted aggregates composed of a given solid material.




The grain-to-grain "resistance” forces associated with sliding, deformation, and fracture could
conceivably introduce a strain-rate dependence into the constitutive behavior of the aggregate. At the
present time, there is not a great deal of experimental data to guide a model (see review by Conroy 1991).
Single grains of JA2, M30 and XM39 gun propellant which are subjected to compression in a Hopkinson
Split Bar test (Lieb, 1991) show the presence of a strain-rate influence, as they do in the Servohydraulic
tests (Gazonas 1991) at lower strain rates. However, combustion of these damaged grains in a closed
bomb (Gazonas, Juhasz, and Ford 1991) indicates that the effective burning surface area is nearly
independent of the strain-rate history of the sample. Apparently, the only modeling attempts to account
for rate-dependence within a two-phase mixture have been limited to a "global” description (Baer and
Nunziato 1986; Kooker 1990) which is difficult to calibrate. Currently, all two-phase interior ballistic
models known to the authors have neglected rate dependence and assumed that changes in mixture density
are accommodated by an instantaneous adjustment to the new stress state. This will be denoted here as
the "equilibrium” stress state. Note that the values of stress and associated wave propagation speed
predicted by the equilibrium stress state are lower bounds; if, in fact, rate dependence were present,
changes in mixture density which occur at high-strain rate would lead to increased values. The validity

of neglecting rate dependence must be reevaluated sometime in the future.

If the propellant bed will be subjected to a large amplitude stress field, another important consideration
is the treatment of the solid-phase material itself. Compaction of a granular aggregate can involve changes
in density of the solid grains as well as rearrangement and deformation of the grains. Quasi-static
compaction experiments (e.g., Elban [1984]; Elban and Chiarito [1986], and Sandusky et al. {1988] are
based on both inert and energetic materials of small grain diameter) typically monitor various stresses as
a function of a changing mixture volume. To deduce the associated values of porosity (either void volume
or solid volume fraction) requires a model of the mixture. If solid-phase density is assumed constant
(incompressible), then porosity values are determined directly by the observed volume change. However,
for many propellants of interest here, the incompressibility assumption can lead to a contradiction when
analyzing compaction data at stress levels in the range of 100 MPa. When the solid-phase density is
assumed constant, the experimental values of mixture volume will imply negative values of porosity (i.e.,
the mixture density has exceeded the theoretical maximum density [TMD] of the solid at atmosphenc
pressure [denoted here as TMD,]). Since accounting for solid-phase compressibility eliminates this
antificial result, the analysis below will examine the possible influence of propellant compressibility.
Gough’s (1974) mixture theory, which has been quite successful in simulating interior ballistics, does




assume an incompressible solid phase; this is a reasonable assumption as long as the magnitude of stress

waves remains moderate.

When determining the coptitutive behavior of an aggregate of propellant grains with a compaction
cxperiment, the scale of .» experiment (i.e., the ratio of the tesi-celi chamber diameter to the grain
diamcter) must be consic :rc 4. A small-scale experiment involving full-size propellant grains will create
a diffcrent porosity distribution and potentially a different interaction at the circumferential confining
bonndary. Since this could introduce unwanted distortions into the measured compaction response, it
would be preferable to conduct the compaction experiment at full scale. Although full-scale propellant
bed compaction data is meager or nonexistent at the current time, assume that such data will be available
in the future. If the bed compaction experiment is conducted under quasi-static conditions (e.g., crosshead
speeds of 0(10) cm/min), then for all practical purposes, it can be assumed that the results have not been
influcnced by strain rate. Thus the data can be used to construct or calibrate the rate-independent
“equilibrium” stress state assigned to the propellant bed in the interior ballistic model (none of the models
at the present time have a provision for a strain-rate effect). Since the NSWC/WO full-scale compaction
cxperiment is to be conducted quasi-statically, a reasonable assumption is that the propellant bed remains
isothcrmal. Furthermore, the pressure of the gas within the propellant bed can be assumed 1o remain at
1 atm since the tolerance between the rams and the inside of the cylindrical chamber will not prevent the

cscape of air trapped in the chamber.

2. MODEL DESCRIPTION OF THE PROPELLANT BED

To undcerstand how the constitutive behavior of the compacted propellant bed is represented in the
XKTC code (Gough 1980), consider a two-phase mixture composed of a compressible gas phase and a
dcformable but incompressible solid phase. Deformation of the mixture occurs in uniaxial strain only,
along the axial direction, x. If we assume here that the mixture is confined within a channel of uniform

cross-scctional arca, then the mass balance for the solid phase can be written

(e}, + (e,u), = -m/p,, (1)

where { }, dcnotes a partial derivative with respect to x, and { }, with respect to time. Although, in

general, the solid-phase stress tensor will support deviator components, assume for this discussion that




deviator components are negligible; hence, the stress tensor can be represented with the spherical

component (a pressure), P, The momentum balance for the solid phase can be written

Du,
pses Dt + es{Pl}x + (Ps- Pg){es}x = fd ? (2)

where D/Dt, is the material derivative along the solid-phase streamline. Now let R, represent the
configuration stress, or that portion of P, greater than P, due to particle-particle contact when the granular
solid phase is compacted into an aggregate. Gough (1980, 1974) refers to R, as the “intrinsic average
intergranular stress." With the further constraint that the force field at the interface between phases

remains it equilibrium (ie., P, = R, + Pg), the momentum balance becomes

Du,
poe==+ & (PB) + (eR), = f,. 3

$

Let o, be Gough’s "nonintrinsic average granular stress” defined as

o, =¢R_. 4

H] s s

Now if R, can be described by a strain-rate-independent function of solid volume fraction (or porosity),

then o, = o,(¢,) and it follows that

do

—— = function (e,) = G(e,) , &)
de

and hence,

{c,}, =G-(g,}, - (6)

Thus the solid-phase momentum balance in Equation 3 can be written




Du,
P, * & (P), + Gole), = £, . ™

3

To visualize the role played by the function G, consider a compacted, granular mixture of incompressible
solids under near-vacuum conditions (i.e., the contribution from the gas phase is negligible [P8 = 0].
Then for a small perturbation (denoted by primes) about the quiescent state (denoted by subscript 0), the
solid-phase mass balance Equation 1 and momentum balance Equation 7 can be written, respectively, in

their linearized form as

{,}, +¢,(4,} =0, ®
p,e {4}, + G (€]}, =0.
Now differentiating the first with respect to x and the second with respect to t leads to
{d,}, - (G, /p){4,},, =0, C)
which is recognized as a wave equation with the speed of propagation given by
G,/p, - (10)

In the general, nonlinear case, the function G behaves as a "stiffness” modulus which is the product of

density and propagation speed squared,

G(e,) = p,a’. (11)

In the theory underlying the XKTC code (Gough 1990), the constitutive assumption which defines the
solid-phase stress tensor is embedded into the function G (Equation 11) by specifying a functional

dependence of a,. The propagation speed, a,, is assigned as




o
|

=3¢ /e when loading , 1)

= a, when unloading ,

where the user-supplied constant, a,, represents the speed of propagation during compressive loading when
the bed is at the settling porosity, €,,, and the constant a, represents the propagation speed during
unloading from any state. Use of Equation 12 in Equation 11 effectively determines the dependence of

o, on ¢,. To see this, recall the definition of G in Equation S5 which may be written as

do, ) do,
d_es = G(e,) = p‘(a,eg /e‘) = —Ee—; . (13)

A straightforward integration from ¢, to e, (during loading) yields the result

1
c, = p,aﬁ,f(i -—), (14)
es e!o

which Gough refers to as the "nominal loading curve." Note that specifying a value of a; uniquely
determines o, as a function of porosity of the aggregate. Values of stress predicted by the nominal
loading curve are sensitive to the value chosen for a,, particularly when the aggregate is compressed to
stress levels where porosity e, begins to vanish. More details of the derivation of Equation 14 may be
found in Conroy (1992).

Wave structure in the two-phase mixture will be strongly influenced by the effective propagation speed
in the mixwre. This wave propagation speed can be predicted from a method-of-characteristics analysis
of the two-phase equation system; the details are beyond the scope of this report but can be found in
Gough (1974). In general, both solid and gas phases contribute to the value of this speed. However, the
present study is concerned with the influence of the solid phase—before combustion generates a significant

gas pressure. Accordingly, we will suppress the contribution of the gas phase by assuming a vanishingly




small gas pressure (e.g., a compressed aggregate under vacuum conditions). Under these special

conditions, the effective speed of propagation in the mixture will be a, given by Equation 12.

3. COMPRESSIBLE SOLID PHASE

Attempts to predict the transition to detonation in granular energetic material have led to the
development of several two-phase model equation systems (Baer and Nunziato 1986; Kooker 1990) which
account for a compressible solid phase. A major difference with an incompressible model is the addition
of a solid-phase energy equation to track a variable intemal energy along with the variable solid-phase
density. Although the analysis by Kooker (1990) has not been used to simulate the interior ballistic cycle,
this modcl assumes a strain-rate-independent equilibrium stress state for the compressed aggregate and,
hence, should be capable of predicting the influence of solid propellant compressibility on wave speed.
Again, the scope of the present study requires only a brief summary of some results from this model;
details may be found in Kooker (1990).

Similar to the discussion of the Gough model above, assume here that the solid-phase stress tensor

can be rcpresented with the spherical component (a pressure), P,. Now, however, P, is a function of
density p, and specific internal energy e, (i.e., P,(p,, €,)). This function follows from the assumption that

the Hugoniot for the homogeneous solid material can be described by a linear path in the shock velocity -

particle velocity plane, i.e.,

shock wave velocity = b, + A = particle velocity , (15)
which lcads to
e, -e, 'R . b2 'R
P (p,.e) =p,T, 1+ P |1+ 2 - .E.'_l 2 + 2 R {16)
. R+1 . R+1 2 R+1]J(1+A R

where R = (p,/p,) - 1.

Bascd on this equation-of-state, the bulk sound speed in the homogeneous solid material is then




LA AL -
= F | — ] — .
’ apl p’z acl

When the solid phase is assumed incompressible, changes in porosity (or solid volume fraction) of
the mixture are predicted directly by the mass balance in Equation 1. However, when the solid phase is

compressible, the mass balance becomes

(pses}t+ {psesus}x= —lfl, (18)

which shows that changes in porosity and density are coupled. In the Kooker (1990) model, the additional
equation required to determine both quantities is the constraint that the force balance at the interface
between phases remains in equilibrium (also imposed in Gough’s [1974, 1990] model)

P,(p,-¢€,) - P,(p,.¢,) = B,(e,) . (19)

where §, is the configuration stress (same as R, in Gough’s model) due to particle-particle contact when
the granular solid phase is compacted into an aggregate. This rate-independent configuration stress is
assumed to be a function of porosity as

B.(e,)

where { = (eg/e&) , (20)

L1 -8R +B, (™ - D]ln(l/e,),

where the values of the parameters T, p;, P, and B, are determined by matching data from a quasi-static
compaction experiment on the granular material of interest. The momentum balance for the solid phase

will simply be Equation 3 with R, replaced by f,.

The effective wave propagation speed in this mixture is also a function of both the gas phase and the
state of stress of the compacted aggregate. As in the case of Gough'’s (1974, 1990) model, the relationship
follows from a method-of-characteristics analysis of the two-phase equation system (Kooker 1990). Under
the same conditions postulated above for the Gough model (aggregate in hydrostatic stress, negligible gas
pressure), the effective wave speed reduces to




ag = e
B* + o,
d
where B" = SP
de,
aP
andaAEB.‘_ cj—_B_’._‘. . @21
es psz acs

In the examples below, it is of interest to compute the "compressible” analog (denoted here as a,) to the
incompressible speed, a,, defined by (G/p,)!? as given in Equation 11. Recalling the definition of G in

Equation 5 and with o, = £, B,, then

2 G(e,) _ d(e,B,)/de,

Pe Ps

(22)

where B, is defined by Equation 20 and the values of €, and p, must satisfy the equilibrium constraint
in Equation 19.

4. DISCUSSION OF RESULTS

The analysis in Section 3 shows how the effective wave propagation speed in the mixture is influenced
by the equilibrium stress state of the aggregate of compacted, granular gun propellant. Computation of
numerical examples may provide a better assessment of this influence. Since the foundation of the
prediction is the equilibrium stress state assigned to the mixture, the first step should be a comparison
to data from full-scale, quasi-static compaction experiments on various granular gun propellants. At the
present time, however, no such data exist in the stress range of interest. Some limited data at lower
amplitudes, for example, have been reported by Robbins from 3-in-diameter cylindrical compression cell
as described in Robbins and Conroy (1992). Some of these data for M30 propellant at room temperature
are plotted in Figure 1 (Robbins and Conroy 1992) in the form of applied force vs. a gas porosity which

is estimated from the observed volume change and the assumption of incompressibility. Figure 1 also




includes theoretical estimates of the applied load which follow from Grough’s solid-phase stress function
(Equation 14) for a range of assumed values for the aggregate wave speed at the settling porosity.
Although a reasonable estimate for the wave speed at the settling porosity is a, = 175 m/s; in this case,
Equation 14 does not lead to a good overall representation of the data. It is anticipated that full-scale,
quasi-static compaction data obtained on gun propellants of interest will likely be similar to existing data
for small granulation material. Typical compaction data displayed in Figure 2 represent two very different
materials: Class D HMX is a brittle crystalline explosive (TMD of 1.903 g/cm3) with an average particle
diameter of 870 ym, and TS-3659 is a deformable double-base ball propellant (~21.6% NG in NC, TMD
of 1.64 g/cm3) with nearly spherical grains of 434 pm diameter. Details of the experiment and the data
can be found in Elban and Chiarito (1986) for Class D HMX, and in Sandusky et al. (1988) for the TS-
3659 ball propellant.

The smooth curves through the quasi-static compaction data shown in Figure 2 were determined by
Kooker (1988, 1990) as "best fits" based on the assumed functional form for f in Equation 20 (65.3%
TMD HMX: 1, - 1.0K psi, p, = 0, B, - 0.79, p, = 1.22; 60% TMD TS-3659: 1, - 2.6 K psi, p, = 5.5,
B, - 3.2, p, = 0.08). Note that in the early stage of compaction, the slope of the mixture stress curve
is shallow for granular HMX which undergoes considerable grain fracture 2s the aggregate is compressed,
while the slope for the deformable ball propellant is nearly uniform at a modest value. However, in the
later stage of compaction for both materials, mixture stress increases steeply as the aggregates are
compressed to densities near their respective TMD,,.
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If the quasi-static compaction data in Figure 2 represented actual gun propellant, then an XKTC (1990)
simulation would first require that the nominal loading curve of Equation 14 be used to described the data.
As an example here, choose the HMX data which is reproduced in Figure 3. Also shown in Figure 3 are
the three curves which follow from Equation 14 when a, is chosen to be 100, 200, and 300 m/s. Note
that in the early stages of compaction, the slope of the experimental data is well approximated by the
curve based on a, = 100 m/s, but in the later stages the value of an "effective” a, increases. Although o,
given by Equation 14 is not a good approximation for the HMX data, it must be remembered that Gough
chose this functional dependence over 15 years ago without the benefit of any experimental data. From
that perspective, his choice was remarkably insightful.

200

190 LEGEND J H

180 © Elban Exp Data: HMX / 65.3% TMD 4 I

170 —_Kooker: HMX Fit / [

160 4 Gough (Incompressible): A1=100 m/s [ 'l /

150 —.Gough (Incompressible}: AL=200 m/s ! il
S 140 —Gough (Incompressible): A1=300 m/3 ,T g |
% 130 ‘ 4
=~ 120 / Jirs i
7] / 7 i
@ 110 - vi :
5 100 /‘
n 9 ” 7
L 80 £ +
3 n A 7
= 60 < ~ +
: 50 — v
= 22 |7 £

30 ‘/ / e ",.1'

20 - il o

- ’.‘( "
10 - - o poaramer
0_
-10 | |

L L] T T LI L
120125 130 135 140 145 L50 155 180 185 170 L75 1.80 185 190
Mixture Density (g/cc)

Figure 3. Mixwre Stress vs. Mixture Density for Isothermal Quasi-Static Compaction of 65.3% TMD
D HMX, Data From Elban an iarito (1986); Solid Curve Is "Best-Fit" by Kooker

1988). Other Curves From Gough’s Formulation ation 14) With Values of a, From
100-300 m/s.
12




Predictions for mixture wave speed (intentionally neglecting the contribution from the gas phase) are
shown in Figure 4, where the solid line follows from Equation 21 and the compressible analysis. All the
estimates concur that the effective propagation speed increases substantially as the porosity of the mixture
begins to vanish (i.e., mixture density approaches that of the TMD solid). As a result of the fit to the
quasi-static compaction data, Gough’s incompressible analysis (chain-dot curve from Equation 12) with
a; = 100 m/s increases siowly but then rises quite abruptly as mixture density approaches TMD, of
1.903 g/cm®. Retaining the same basic assumptions but representing the experimental data for ¢, with
the solid line shown in Figure 3 produces the "dotted” curve in Figure 4. Using the same basic structure
(i.e., Equation 22) but replacing p, and e, with the "compressible" values which are roots of Equation 19,
leads to the chain-dash curve shown in Figure 4. This curve is a reasonable approximation to the
compressible behavior up to a mixture density of 1.8 g/cm®. At mixture densities greater than 1.8 g/cm?

in Figure 4, the incompressible estimates diverge significantly from the compressible prediction.
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Figure 4. Effective Wave Propagation Speed in_65.3% TMD Class D HMX During Isothermal
Compression (With Ps = Q). Solid Curve From (Equation 21) Assuming Compressible Solid
Phase; Chain-Dot Curve From Gough (Equation 12) With a, = 100 m/s; ed Curve Is
Incompressible (G/p)'4 Chain-Dash Curve Is Compressible (G/p,)'* or a, From Equation 22.
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Figure 5 gives a clearer picture of the change in behavior. At low density, the mixture propagation
speed is controlled by the fundamental compaction characteristics of the granular aggregate which are
closely approximated by a,. (chain-dash curve in Figure S) given by Equation 22. At high density, most
of the porosity has been eli...:nated and/or the aggregate has "locked” such that the mixture propagation
speed is dominated by the compressibility of the homogeneous material itself (dotted curve in Figure 5).
The compressible prediction given by Equation 21 transitions between these two limits.

The implication of these results may be easier to visualize by plotting mixture propagation speed as
a function of mixture stress, as shown in Figure 6. For the present example at values of mixture stress
below S0 MPa, there is little difference among the predictions from the various methods. Important
differences appear near stress levels of 100 MPa. And at 200 MPa, there is a dramatic divergence such
that the incompressible result is nearly a factor of two greater than the compressible prediction. In
general, as the effective wave speed is reduced, increases in mixture stress are more likely to propagate
as shock waves. However, a more detailed investigation involving simulations will be required to predict

the influence on the behavior in a gun combustion chamber.
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A similar analysis and comparison was made for the double-base ball propellant TS-3659. The
experimental data from quasi-static compaction shown in Figure 2 is reproduced in Figure 7 along with
three curves which follow from Equation 14 when a, is chosen to be 100, 200, and 300 m/s. Comparison
shows that the "effective” value of a, would have to decrease considerably from its initial value of
approximately 250 m/s; the experimental data are not well represented by Equation 14. Again, this
illustrates that even a good estimate of the compacted bed wave speed at the settling porosity does not
ensure that the mixture stress behavior has been captured.

Predictions for wave propagation speed in TS-3659 are displayed in Figure 8, where again the dotted
curve follows from the incompressible prediction similar to Gough’s analysis but with g, given by the
experimental data, the chain-dashed curve follows from a, in Equation 22 which incorporates the
compressible correction for p, and e,, and the solid curve follows the compressible analysis and
Equation 21. The results are similar to those for the HMX case.
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5. CONCLUSIONS

All current interior ballistic calculations are based on mixture theories which require a
phenomenological submodel to relate porosity of the compacted aggregate of propellant grains to a stress
state. The accuracy of any simulation showing the growth of pressure waves to potentially dangerous
amplitudes will depend upon the accuracy of the constitutive behavior assigned to the compacted
aggregate. The current formulation in the XKTC (Gough 1990) code assumes an incompressible solid
phase and a strain-rate independent relationship which is uniquely defined by a value of mixture wave
speed (a,) at the settling porosity. Comparison to data from small-scale, quasi-static compression
experiments indicates that an improvement might be expected from a direct representation of the data.
Estimates of the effective wave propagation speed in the mixture (with the restriction of vanishing gas
pressure) show the potential importance of including compressibility of the solid phase when mixture
stress approaches the level of 100 MPa. Accounting for solid-phase compressibility within the current
interior ballistic models would require a major restructuring. However, a reasonable compromise might

be to alter the predicted incompressible wave speed with a correction for compressibility.
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LIST OF SYMBOLS
slope of Hugoniot for homogeneous solid material (see Equation 15)
wave propagation speed in packed bed during compressive loading, when e, = €,
wave propagation speed in packed bed during unloading
"compressible” wave propagation speed (see Equation 21)
wave propagation speed in packed bed (see Equation 12)
wave propagation speed defined in Equation 22
intercept of Hugoniot for homogeneous solid material (see Equation 15)

parameter (n-d) in expression for P, (see Equation 20)

bulk sound speed in homogeneous solid material (see Equation 17)

interphase drag force per unit total volume

do/de, as defined in Equation 5

do /de, evaluated at the settling porosityn &0

mass generation rate of gas (due to pyrolysis or combustion of solid) per unit total volume

parameters (n-d) in expression for B, (see Equation 20)

static pressure in gas phase

spherical stress {pressure} in solid phase

P, — P, = configuration stress in Gough’s analysis

theoretical maximum density (TMD, => at atmospheric pressure)
velocity of the solid phase

configuration stress of packed bed = intrinsic average intergranular stress
Mie Gruneisen coefficient (assumed constant here)

solid volume fraction = solid volume/otal volume

gas porosity = 1 - €, = gas volume/total volume
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Ps

solid-phase density = mass of solid/solid volume

e, B, = non-intrinsic average granular stress

spacial coordinate

partial derivative with respect to space coordinate

second partial denivative with respect to space coordinate

time

partial derivative with respect to time

second partial derivative with respect to time

small variance of the solid volume fraction about a quiescent state

small variance of the velocity about a quiescent state

settling solid volume fraction

substantial derivative along solid-phase streamline = { }, +u, { },

solid phase energy

solid phase energy at the settling porosity
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